Abstract-In this paper, we consider a mobile ad-hoc radio network in an urban area. The propagation environment between two endpoints can be modeled by a double-Rayleigh fading multipath channel. Such a mobile scenario justifies the use of filter bank based multicarrier (FBMC) transmission systems. This technique generalizes traditional cyclic prefix orthogonal frequency-division multiplexing (CP-OFDM), allowing the design of non-rectangular pulse shape filters. We show that this approach leads to a better interference mitigation in time-variant channels. We restrict our study to short filters and singletap per sub-channel equalization in order to preserve a lowcomplexity transmultiplexer. In this study, we compare FBMC with short filters to CP-OFDM in terms of coded bit-error-rate performances, using a realistic mobile-to-mobile channel model.
I. INTRODUCTION
The propagation constraints experienced by land tactical communication systems are usually characterized by the decentralized structure of the network and the uncertainty of the hostile environment. In practice, it results in a multipath mobile-to-mobile transmission scenario, with low rise antennas and limited a priori knowledge of the channel [1] . These assumptions reveal the need of accurate channel models that override traditional cellular models [2] .
Cyclic-prefix orthogonal frequency-division multiplexing (CP-OFDM) is an attractive modulation scheme for multipath time-invariant channels since it removes inter-block interference (IBI). It relies on a low-complexity implementation using fast Fourier transform (FFT) and it allows perfect reconstruction of the transmitted signal thanks to a single-tap per subchannel equalizer [3] . However, the Doppler spread introduced by time-variant channels breaks the orthogonality between sub-channels [4, p. 753] , causing inter-carrier interference (ICI). Despite this performance degradation, CP-OFDM has been adopted for several wireless mobile applications (e.g. IEEE 802.16e, 3GPP LTE Advanced).
Filter bank based multicarrier modulations (FBMC) represent a more general transmission scheme, also known as filtered multitone (FMT) or oversampled OFDM [5] , [6] . This technique allows the design of various pulse shape filters, as compliant as possible with the multipath time-variant channel [7] . For example, a frequency-localized waveform may mitigate the ICI term described above. Nevertheless, this shaping is performed at the expense of a greater complexity, increasing with the filters length [8] .
In this work, we focus on short prototype filters, introduced in [9] . This particular class of pulses preserves a low-complexity transmultiplexer, comparable with CP-OFDM. Furthermore, a single-tap per sub-channel equalizer may be sufficient to yield superior uncoded bit-error-rate (BER) performances in several mobile scenarios [10] .
Our contributions include the development of a mobileto-mobile channel model suitable for multipath propagation in urban areas. We also discuss BER performances, through simulation results, using a low-density parity check (LDPC) code.
This paper is organized as follows. Section 2 introduces the assumptions of the mobile-to-mobile propagation in an urban environment and derives a discrete-time equivalent channel model. Section 3 presents the general transmuliplexer structure and specifies pulse shaping filters, resulting in CP-OFDM and non-rectangular orthogonal transmission schemes. Section 4 compares the BER performances of the different transmission systems, including low-density parity check (LDPC) channel coding. Finally, conclusions are presented in section 5.
II. MOBILE-TO-MOBILE CHANNEL MODEL
Reflections, diffraction and scattering are three physical phenomena that justify a multipath propagation beyond the line of sight (LOS) in very/ultra high frequency (V/UHF) bands. In an urban environment this non-line of sight communication (NLOS) scenario is likely to happen between two mobile transceivers.
Let s(t) be the baseband equivalent transmitted signal that occupies a band B. We denote H the multipath timevarying channel with I uncorrelated resolvable paths (they are mostly due to reflections in the propagation environment). The noise process z(t) is a complex bandlimited Gaussian process characterized by its power spectral density σ 
where α i (t) is the time-varying complex gain of the ith path with delay τ i . Note that we choose static delays for the reproducibility of simulations. They are usually standardized through experimental results (e.g. COST 207, 3GPP...).
A. Double-Rayleigh model
In a NLOS urban environment, the transmitter and the receiver are surrounded by N 1 and N 2 scatterers that can be bounded by two rings (fig. 1a) . The diameter of the rings is expected to be sufficiently small to neglect the excess delay occurring in the vicinity of the transmitter and the receiver. Assuming omni-directional antennas and planar propagation, the complex coefficients associated to the ith path expands as
where
i,n1 (t) and ρ (2) i,n2 (t) are the real valued gains of the n 1 th and n 2 th scatterer close to the transmitter and the receiver, respectively.
• ω (1) i,n1 (t) and ω (2) i,n2 (t) are the Doppler phase terms introduced by the motion of the transmitter and the receiver. One may develop ω (1) n1 (t) = 2πf 1 t cos β (1) n1 where f 1 is the maximum Doppler frequency introduced by the transmitter, β (1) i,n1 is the angle of departure of the n 1 th ray with respect to the velocity vector v 1 . A similar expansion holds for ω (2) i,n2 (t).
• φ (1) i,n1 (t) and φ (2) i,n2 (t) are phase terms depending on the carrier frequency f 0 , intra-ring delays associated with each path, interactions between the waves and matter. Without a perfect knowledge of the terrain, the signals stated above are random processes. We model φ (1) i,n1 (t) and φ (2) i,n2 (t) as independent processes, uniformly distributed over [0, 2π). This hypothesis remains realistic in a dense scattering environment (N 1 , N 2 → ∞) and if the phase shifts occuring inside the rings are much larger than one [11] . Since amplitudes ρ (1) i,n1 (t) and ρ (2) i,n2 (t) are independent, the central limit theorem allows us to write
where α (1) i (t) and α (2) i (t) are two independent centered Gaussian processes, characterized by their respective standard deviation σ (1) αi and σ (2) αi . This model, referred to as doubleRayleigh fading according to the distribution of |α (1) i (t)| and |α (2) i (t)|, has been justified in [12] . It can be shown from (4) , that the probability density function of
where K 0 (·) is the zeroth order modified Bessel function of the second kind. The phase arg{α i (t)} remains a uniform process over the interval [0; 2π), independent of the modulus [13] .
A particular case has been documented earlier in [14] with the hypothesis ρ (1) i,n1 (t) = ρ (2) i,n2 (t) = 1 and n 1 = n 2 . Such a scenario relies on the approximation of a single incoming ray per Rx scatterer, leading to single Rayleigh fading model ( fig.  1b ). 
B. Double-Jakes power spectrum
We first consider a displacement of the receiver over a (small) distance ξ along the axis x ( fig. 2 ). Let φ (2) i,n2 (t) be the initial phase at point x 1 of the path induced by the n 2 th scatterer. Assuming a constant speed v 2 and denoting Δt = ξ/v 2 , the receiver reaches x 2 at time t + Δt, and the phase term can be written φ (2) i,n2 (t + Δt) = φ (2) i,n2 (t) + 2πf 2 Δt cos β (2) i,n2 .
At the transmitter side, the same displacement scenario yields a similar result in terms of phase offset with respect to the maximum Doppler frequency f 1 and the angle of departure β Wide sense stationarity is usually expected in order to establish a suitable statistical model for randomly time-variant channels. This assumption allows a time-independent formulation of α i (t) correlation function, so that
where E{·} denotes the expectation operator and · is the complex conjugate operator. Confined scattering areas and small displacement ξ justify invariant amplitudes over a time Δt, namely
If we recall the phase terms independence, we obtain
As explained in [15] , the large number of scatterers and the use of isotropic antennas allow us to write
= 4σ
where J 0 (·) is the zeroth order Bessel function of the first kind. The Fourier transform of Γ i (Δt) with respect to Δt is referred to as the Doppler spectrum and describes the statistical distribution of motion-induced frequency shift. As explained in [14] , this function is written as
where K(·) is the complete elliptic integral of the first kind. The resulting power spectrum presents a "U" shape with infinite values at |f | = f 1 − f 2 ( fig. 3 ).
To summarize, the mobile-to-mobile non-LOS model is more stringent than the traditional base-to-mobile model in terms of fading characteristics because α i (t) is the product of two centered Gaussian processes. As for the Doppler shift, the mobile-to-mobile scenario introduces more degrees of freedom than base-to-mobile scenario. For example, if two mobile stations move at the same speed, a null relative velocity vector may exist (i.e. no Doppler shift).
C. Discrete-time equivalent model
For simulation purpose, it is necessary to develop a discretetime version of the channel model denotedH. Since s(t) and z(t) are bandlimited signals, the Whittaker-Shannon interpolation formula gives and the discrete-time equivalent input-output relation becomes
whereα
If we consider a number I of uncorrelated α i (t) coefficients, the overlying discrete-equivalent model provides an infinite number ofα l [k] . Furthermore, the 1/B-spaced channel taps are no longer uncorrelated and we have
where, from (7), the correlation coefficient expands as
(20) In practice, the sequence
III. FBMC TRANSMISSION SYSTEM WITH SHORT FILTERS
Faced with a time-frequency selective channel, several studies have proven the interest of FBMC transmission systems in order to mitigate ISI and ICI [5] , [7] , [8] . The design of the transmultiplexer is usually performed at the expense of an increased complexity brought by non-rectangular pulse shape filters (often overlapping between symbols) and the overlying matched equalizer.
As a trade-off between interference reduction and complexity, our approach focuses on short prototype filters (i.e. non-overlapping pulses) with a single-tap per sub-channel equalizer. A previous study showed attractive results in terms of uncoded BER performances, in the case of base-to-mobile scenario [10] .
A. General transmultiplexer structure
Information is carried by a sequence of complex symbols denoted {c m,n } (m,n)∈Λ where Λ = {0, . . . , M − 1} × Z. The symbols are assumed to be independent and identically distributed. Their mean power is denoted σ 
A necessary condition for perfect reconstruction of the transmitted symbols is the linear independence of the vectors {γ m,n } (m,n)∈Λ . This requires N/M ≥ 1, but orthogonality and completeness are not mandatory [5] . Let x and y be two sequences of 2 (Z), we define the inner product
, its induced norm x = x, x and the infinity norm x ∞ = max{|x[k]|} k∈Z . At the receiver side, the dual family of {γ m,n } (m,n)∈Λ is written {γ m,n } (m,n)∈Λ and we havě
The biorthogonality condition ensures perfect reconstruction of the transmitted symbols, namely γ p,q , γ m,n = δ m,p δ n,q for all (m, n) and (p, q) in Λ; δ m,p represents the Kronecker delta. We let Λ p,q = Λ\{(p, q)}, then the qth received symbol on the pth sub-channel can be written
and
The expression of the received symbol splits into three terms: S p,q represents the useful part of the signal, I p,q denotes the interference term, including inter-carrier and inter-symbol interference, Z p,q refers to the noise filtered by the receiver. The coefficient A m,n,p,q is the complex gain introduced by the system, assuming an estimated symbol (p, q) and an interfering symbol (m, n).
Assuming perfect knowledge of the channel coefficients, interference mitigation is performed thanks to a low-complexity equalizer, with a single-tap per sub-channel. This type of equalizer may amplify noise and interference terms when the channel experiences severe fading.
B. Filters specification : short length prototypes
This study focuses on short length prototype filters, that is to say γ[k] =γ[k] = 0, if k > N − 1 and k < 0. This particular FBMC setup allows a N -size block processing. It leads to an efficient implementation depicted by figure 4 and documented in [8] . The transmission process consists in a projection of M complex symbols over an exponential basis (IFFT block). This step is followed by a cyclic extension of the data block (CP block). The resulting N samples are weighted by
That is why this scheme is referred to as weighted cyclic prefix (WCP)-OFDM in the general case. At the receiver side, the dual operation is performed in order to ensure the perfect reconstruction (PR) of the transmitted symbols, that is to sayĉ m,n = c m,n for any (m, n) ∈ Λ assuming r[k] = s [k] . In the short filters case, if we set Δ = N − M , PR conditions reduce to
First of all, let us define the rectangular filters leading to the traditional CP-OFDM scheme:
The first Δ coefficients of γ CP form the cyclic prefix in order to circumvent channel-induced inter-block interference (IBI). At the receiver side, the cyclic prefix is removed thanks to the Δ first null coefficients ofγ CP . Since γ Apart from the CP-OFDM approach, there exists nonrectangular filters that ensure perfect reconstruction. We restrict our analysis to the linear phase orthogonal case, such
Short orthogonal prototype filters have been proposed in [9] . For example, the following prototype demonstrates a quasioptimal time-frequency localization (TFL):
Compared to rectangular pulses used in CP-OFDM ( fig. 5 ), a previous study confirms the interest of WCP-OFDM with TFL filters for mobile channels [10] . The orthogonal setup also offers an optimal approach over additive white Gaussian noise channels [4, p. 160] .
IV. BER PERFORMANCE ANALYSIS
In this simulation framework, we consider a land mobileto-mobile transmission system, operating in an urban area. A band B = 5 MHz is used, centered around a frequency f c = 1 GHz. We use a 10-path WSSUS model where the last path occurs at 12 μs (JTCOutUrbLRLAC [17] ) and whose discrete-equivalent impulse response is truncated to L = 45 taps. This empirical model fits an outdoor propagation with low-rise buildings and low-antennas. We develop here two mobility scenarios:
• low speed, with v 1 = v 2 = 3 km/h ; • high speed, with v 1 = 140 km/h and v 2 = 110 km/h. We consider M = 2048 sub-channels that carry quaternary symbols and we set N/M ∈ {17/16, 9/8, 5/4}. The LDPC encoder uses 32400 bit codewords and operates at a coding rate R c = 3/4. Each codeword is randomly interleaved and split into 8 blocks. Ideally, the transmission of each block should be spaced by a period greater than the coherence duration of the channel. In a similar way, sub-channels should by spaced by a band greater than the coherence bandwidth. Due to the time-frequency duality, it remains impossible to guarantee both conditions. In addition, applications constraints may restrict even more the channel coding scheme (e.g. interactivity, medium access control...). In this work, we choose the best diversity scenario where blocks are sent over independent channel realizations.
At the receiver side, a single-tap per sub-channel equalizer is used. After the deinterleaver, a LDPC decoder performs 10 iterations over each codeword without parity check 1 . We compare the performances of CP-OFDM with TFL-OFDM (i.e. WCP-OFDM with TFL pulses). Bit-error-rate (BER) is plotted as a function of E b /N 0 , where fig. 6) . First of all, we notice that specified oversampling ratios lead to Δ > L. In the particular case of CP-OFDM, this condition is sufficient to cancel channel-induced IBI. However, for a general WCP-OFDM transmultiplexer, IBI may remain present.
In the low mobility scenario, we show that TFL-OFDM obtains better performances results than CP-OFDM regardless of the oversampling ratio. This emphasizes the need of orthogonal signaling in mainly noisy channels. Indeed, since the TFL impulse response shows smooth transitions, it justifies a low IBI term in presence of multipath propagation. We also see that CP-OFDM performances decrease as N/M increases. It summarizes the fact that the energy used to form the cyclic prefix is not recovered by the receiver.
In the high mobility scenario, the same behavior is observed for CP-OFDM. However, for high E b /N 0 values, the performances of TFL-OFDM increase with N/M . One may show that the frequency localization of the TFL pulse increases with N/M . As a consequence, such a good frequency containment leads to ICI mitigation and provides a lower BER. (a) BER performance in low mobility scenario. 
V. CONCLUSION
We have defined a multipath mobile-to-mobile channel model that fits a non-LOS propagation in UHF band. We then proposed a low-complexity multicarrier scheme using short length pulse shape filters and a single-tap per sub-channel equalizer. We have shown, through simulation results, that an orthogonal transmission setup, provided with optimized TFL filters, outperforms CP-OFDM in a realistic transmission scenario. These results extend the work presented in [10] , introducing a double-Rayleigh fading model and a LDPC channel coding scheme.
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